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Summary
Anaccumulatingbodyof evidence supports thenotion
that traffickingofAMPA receptors (AMPARs) underlies
strengthening of glutamatergic synapses and, in turn,
learning andmemory in thebehaving animal. However,
without exception, these experiments have been per-
formed using artificial stimulation protocols, cultured
neurons, or viral-overexpression systems that can sig-
nificantly alter the normal function of AMPARs. Using
a single-whisker experience protocol that significantly
enhances neuronal responses in vivo, we have tar-
geted neurons in and around the spared whisker col-
umn of fosGFP transgenic mice for whole-cell record-
ing. Here we show that in vivo experience induces the
pathway-specific strengthening of neocortical excit-
atory synapses. By assaying AMPARs for rectification
and sensitivity to joro spider toxin, we find that in vivo
experience induces the delivery of native GluR2-lack-
ing receptors at spared, but not deprived, inputs.
These data demonstrate that pathway-specific traffick-
ing of GluR2-lacking AMPARs is a normal feature of
synaptic strengthening that underlies experience-
dependent plasticity in the behaving animal.
Introduction
Our understanding of how synapses can be strength-
ened in vitro is becoming increasingly sophisticated.
Glutamate-receptor activation, either by agonist admin-
istration or high-frequency stimulation, leads to the
CaMKII-dependent insertion of AMPARs into the post-
synaptic density (Malinow and Malenka, 2002). Kinase
activation can induce delivery of new GluR1-containing
AMPARs to synapses (Shi et al., 1999), as well as en-
hance their conductance and open probability (Banke
et al., 2000; Barria et al., 1997; Derkach et al., 1999; Es-
teban et al., 2003). Thus, trafficking and phosphorylation
of AMPARs may be sufficient to explain the increased
amplitude of glutamate-mediated responses that char-
acterizes long-term potentiation (LTP).
Relating these findings to the course of events that
underlie experience-dependent plasticity in vivo has
lagged. Although use of viruses that encode fluores-
cently tagged AMPARs has contributed to our under-
standing of how experience can regulate glutamate re-
ceptor trafficking (Esteban et al., 2003; Hayashi et al.,
2000; Rumpel et al., 2005; Shi et al., 1999), viral overex-
pression of these genetically modified receptors brings
with it some important experimental caveats. For exam-
*Correspondence: barth@cmu.eduple, electrophysiological detection of AMPAR insertion
in vivo has been accomplished by using the rectification
properties of overexpressed GluR1. However, this may
interfere with normal receptor dynamics by biasing intra-
cellular pools of AMPARs in favor of those containing
GluR1 homomultimers. Moreover, since GluR1 is Ca2+
permeable, its overexpression may inadvertently affect
subsequent plasticity by providing an additional source
of Ca2+ that can then enhance further AMPAR insertion.
Many important questions about the applicability of
these results to the function of the intact CNS remain.
Does normal experience drive native AMPARs into the
synapse, or does this only occur when there is an excess
of GluR1-containing receptors? Is there any electro-
physiological evidence of newly added AMPARs, what
are their properties and subunit composition, and how
long are they maintained at a synapse? In vivo, are
they added in a pathway-specific, Hebbian fashion, or
does kinase activation occur in a widespread manner
that affects many synapses onto a neuron?
Experiments to investigate experience-dependent
and pathway-specific synaptic strengthening have
yielded modest insights into the mechanism of these
events (Finnerty et al., 1999; McKernan and Shinnick-
Gallagher, 1997; Rioult-Pedotti et al., 1998). In general,
it has been easier to identify experience-dependent re-
ductions in synaptic strength after sensory deprivation
(Allen et al., 2003; Finnerty and Connors, 2000; Heynen
et al., 2003), because the locus of alteration after eye clo-
sure or whisker deprivation is broad. The mechanisms
by which experience results in synaptic strengthening
and increased neuronal response properties in the intact
brain are much less clear.
Addressing questions about AMPAR dynamics during
behavioral experience requires a discrete, well-charac-
terized locus of plasticity. Single whisker stimulation in
the absence of adjacent whiskers (single whisker expe-
rience; SWE) enhances spared whisker responses in the
cortex and is an excellent model system for studying
plasticity in vivo (Feldman and Brecht, 2005; Glazewski
and Fox, 1996). To investigate the synaptic events ac-
companying cortical plasticity in the normal brain, we
have used SWE to drive Fos and thus GFP expression
in fosGFP transgenic mice (Barth et al., 2004) to identify
and record from neurons within and around the spared
whisker column. Here we show that SWE alters the am-
plitude of native AMPAR-mediated EPSCs as well as the
properties and subunit composition of these receptors
within the spared whisker barrel column. These changes
are specific to the pathway where the potentiation of
neuronal responses has been observed by single-unit
recording and are likely to underlie the changes in re-
sponse properties induced by in vivo experience.
Results
Induction of Plasticity and Visualization
of the Spared Barrel Column
The earliest site of change in cortical response proper-
ties that has been observed in vivo following SWE is in
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664Figure 1. Sensory Experience Increases the
Ratio of AMPAR to NMDAR-Mediated
Currents at Layer 4-Layer 2/3 (L4/L2/3)
Synapses
(A) fosGFP transgenic mice were deprived of
all but a single whisker (D1) for 24 hr. Lower
schematic illustrates the location of the D1
representation within the posteromedial bar-
rel subfield. (B) Example of a L2/3 pyramidal
cell filled with red fluorescent Alexa-568 dur-
ing the course of whole-cell recording. The
spared barrel was identified by its relative lo-
cation and the expression of GFP-tagged Fos
and is indicated by the arrow. (C) Schematic
of stimulating and recording electrodes posi-
tion. (D) Overlay of mean EPSCs at 270 mV
and +40 mV from representative cells in con-
trol (Ctl), deprived (Dep), and spared (Spd)
cortex. Traces have been scaled to peak cur-
rent at +40 mV to illustrate enhancement of
the AMPA component in Spd neurons. (E)
Mean AMPAR:NMDAR ratios (see Experi-
mental Procedures) for Ctl, Dep, and Spd
cells. (Ctl, 1.02 6 0.10; Dep, 0.83 6 0.06;
Spd, 1.67 6 0.13; p > 0.1 for Ctl versus Dep;
p < 0.001 for Spd versus Ctl or Dep). (F) Scat-
ter plot of individual cells from (E). Scale bars
in (A), 500 mm; in (D), Ctl: 20 pA, Dep: 10 pA,
Spd: 40 pA 3 200 ms. Time scale for Spd
applies to all traces.layer 2/3 neurons within the spared whisker barrel col-
umn, which show an increase in spikes per whisker de-
flection stimulus after only 24 hr (Barth et al., 2000). We
subjected fosGFP transgenic mice to whisker depriva-
tion such that only a single large facial vibrissa remained
on one side of the face (Figure 1A). A similar protocol in-
duces robust Fos expression in wild-type mice (Bisler
et al., 2002) and in fosGFP transgenic animals, in which
GFP fluorescence enables visual identification of the
spared barrel column in living brain slices (Barth et al.,
2004). We sought to characterize the properties of syn-
apses between neurons from the input layer of somato-
sensory cortex, layer 4, and pyramidal neurons in layer
2/3 in brain slices containing the spared barrel column
of fosGFP transgenic mice after SWE (Figure 1B). As
a control, we examined properties of synapses in whis-
ker-intact littermates. Recordings were made blind to
fosGFP expression; in the majority of cases the neurons
selected were fosGFP2.
As an initial screen for changes in response proper-
ties, we examined monosynaptic layer 4-layer 2/3
EPSCs at 270 and +40 mV. Synaptic responses at 270
mV are almost entirely composed of AMPAR-mediated
currents, whereas those obtained at positive holding
potentials are a combination of AMPAR- and NMDAR-
mediated currents. In deprived barrel columns, AMPAR:
NMDAR ratios were slightly, but not significantly, de-
pressed compared to control, consistent with previous
data implicating this synapse as a locus of experience-
dependent depression (Allen et al., 2003). However, in
the spared barrel column, we found that AMPAR:
NMDAR ratios were significantly larger than deprived
or control values (Figures 1D–1F). As predicted based
upon previous work in the visual system (Philpot et al.,
2001; Quinlan et al., 1999), we found that the decay kinet-
ics of the EPSCs at +40 mV, dominated by NMDAR cur-rents, were slower in deprived column neurons than
control, suggesting an increased contribution of NR2B
at these synapses (see Figure S1 in the Supplemental
Data available online). SWE did not induce any change
in decay kinetics at positive holding potentials in spared
barrel neurons versus control.
Increased Amplitude of AMPAR-Mediated Events
in the Spared Barrel Column
An increase in AMPAR:NMDAR ratio can indicate an
increase in the amplitude of the AMPAR-mediated re-
sponse, a reduction in the NMDAR-mediated compo-
nent, or both. Because a great deal of in vitro data sup-
port the notion that synaptic strengthening is coupled
to addition of AMPARs at recently active synapses, we
further examined the amplitude of quantal AMPAR-medi-
ated EPSCs in the layer 4 to layer 2/3 pathway using
ACSF in which Ca2+ was replaced by Sr2+. These condi-
tions desynchronize vesicle fusion, so that individual
EPSCs represent responses to glutamate at a single syn-
aptic release site (Thomas et al., 2001; Xu-Friedman and
Regehr, 1999). Although responses were slightly smaller
in the deprived barrel column, this difference was not sig-
nificant compared to control (Figures 2B–2D). However,
quantal amplitude of responses in the spared barrel col-
umn were significantly increased compared to both con-
trol and deprived responses (Figures 2B–2D). These data
strongly support the conclusion that behavioral experi-
ence induces synaptic strengthening, at least in part by
an increase in quantal efficacy at neocortical synapses.
Further analysis revealed that the kinetics of AMPAR-
mediated events in Sr2+ were significantly faster in the
spared barrel column compared to deprived and control
neurons (Figures 2E–2G). This was intriguing, because
AMPAR-mediated EPSCs in normal ACSF (Ca2+-evoked
responses) did not show any change in kinetics
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665Figure 2. Sensory Experience Results in In-
creased Amplitude and Faster Decay Kinet-
ics of Quantal AMPAR-EPSCs
(A) Example traces from Ctl, Dep, and Spd
cells during L4 stimulation in Sr2+-substituted
(3 mM) ACSF. Traces are aligned at the stim-
ulus artifact. (B) Superimposed group-aver-
aged mEPSCs for cells from each condition
(Ctl, n = 8; Dep, n = 10; Spd, n = 8). (C) Mean
amplitude of mEPSCs under all conditions
(Ctl, 8.27 6 0.44 pA; Dep, 7.41 6 0.37 pA;
Spd, 11.24 6 0.44 pA; p > 0.1 for Ctl versus
Dep; p < 0.001 for Spd versus Ctl; p <
0.0001 for Spd versus Dep). (D) Cumulative
histogram illustrating a leftward and a right-
ward shift in the distribution of mEPSC ampli-
tudes for Dep and Spd cells, respectively. (E)
Superimposed mean mEPSCs from Ctl and
Spd cells, scaled to peak amplitude to illus-
trate difference in decay kinetics. (F) Mean
rise times (20%–80%) of mEPSCs in Dep or
Spd cortex were not significantly different
than Ctl (Ctl, 0.72 6 0.07 ms; Dep, 0.74 6
0.08 ms; Spd, 0.646 0.04 ms; p > 0.1 for all comparisons). (G) Mean tau decay values were smaller for mean mEPSCs from Spd cells than values
from Ctl or Dep cells (Ctl, 4.726 0.41 ms; Dep, 4.996 0.28 ms; Spd, 3.436 0.20 ms; p > 0.1 for Ctl versus Dep; p < 0.03 for Ctl versus Spd; p < 0.01
for Dep versus Spd). An analysis of tau decay values for unitary events averaged by cell yielded similar results (data not shown). Scale bar in (A),
10 pA 3 100 ms; in (B) and (E), 2 pA 3 5 ms.compared to control (Figure S2). Other investigations
have demonstrated that quantal EPSCs can show faster
kinetics compared to multiquantal events, especially in
young animals, because of asynchronous vesicle re-
lease (Koike-Tani et al., 2005; Wall et al., 2002). This
may have obscured a difference in decay kinetics from
Ca2+-evoked EPSCs in control and spared barrel column
neurons (Figure S2).
Both GluR1 and GluR4 can be delivered to synapses
after increased neural activity (Esteban et al., 2003;
Zhu et al., 2000), and both deactivate more rapidly
than GluR2-containing heteromers (Dai et al., 2001; Der-
kach et al., 1999; Koike-Tani et al., 2005; Thiagarajan
et al., 2005). However, since GluR4-containing receptors
are not prominently expressed in the cortex after the first
postnatal week (Zhu et al., 2000), the faster decay times
of quantal events in spared neurons suggest that newly
added AMPARs may contain GluR1.
Sensory Experience Increases the Synaptic
Contribution of Rectifying AMPARs
This previous analysis suggested that SWE may aug-
ment AMPAR-mediated transmission by increasing the
conductance of existing receptors or by the addition of
new receptors (i.e., those that contain GluR1 or GluR4)
or both. GluR1-containing receptors could exist as
GluR1/2 heteromers or could lack GluR2 altogether. Ad-
dition of GluR2-lacking AMPARs confers increased rec-
tification of AMPAR-mediated EPSCs, a property that
has been used to monitor addition of AMPARs in vitro
and in vivo using viral overexpression systems.
Since addition (Shi et al., 1999) and phosphorylation
(Lee et al., 2003) of GluR1-containing AMPARs occurs
during LTP and since SWE may proceed by an LTP-
like mechanism, we hypothesized that layer 4-layer 2/3
synapses may potentiate in vivo by insertion of GluR1-
rich, GluR2-lacking receptors. First, we established
that in control tissue, these synapses normally displaya linear I:V relationship (Figures 3A–3B). The proportion
of rectifying AMPARs declines in cortical pyramidal cells
during early postnatal development (Kumar et al., 2002),
and our data indicate that this process is largely com-
plete by the end of the second postnatal week in control
layer 2/3 neurons.
In the spared barrel column, analysis of the I:V curve
revealed a subtle shift toward rectification (Figures 3A
and 3B), and comparison of the rectification index
(amplitude at +40/240 mV) showed a significant in-
crease in rectification of layer 4-layer 2/3 synapses com-
pared to both control and deprived pathways (Figures
3C and 3D).
An experience-dependent increase in the intracellular
concentration of polyamines (Aizenman et al., 2002) that
specifically block Ca2+-permeable AMPARs could in-
duce AMPAR current rectification. If the concentration
of polyamines is normally too low to produce a volt-
age-dependent block, pre-existing GluR2-lacking re-
ceptors might not show a rectifying I:V relationship in
control neurons. To evaluate this, we examined the
effect on synaptic responses of the Ca2+-permeable
AMPAR antagonist Joro spider toxin (Jst). If sensory
experience caused an increase in internal polyamines
but the contribution of GluR2-lacking AMPARs re-
mained constant, Jst would not show a differential effect
between spared and control synapses. However, if be-
havioral experience increased the contribution of GluR2-
lacking receptors, Jst would have a greater effect on
AMPAR-mediated responses in the spared barrel col-
umn compared to control.
Bath application of Jst revealed almost no change in
amplitude in layer 4-layer 2/3 AMPAR-mediated EPSCs
in control neurons (Figures 4A and 4D), suggesting that
GluR2-lacking receptors are not a prominent source of
AMPAR-mediated current in this pathway. However,
Jst induced a striking reduction (w50%) in the ampli-
tude of AMPAR-mediated EPSCs in spared column
Neuron
666neurons (Figures 4B and 4D). Jst also normalized the
rectification index of spared neurons to control values
(Figures 4C and 4E). For deprived layer 4-layer 2/3 in-
puts, the rectification index was not different from con-
trol, and whisker deprivation did not induce a change
in Jst sensitivity at these synapses.
Trafficking of AMPARs Occurs in an Activity- and
Pathway-Dependent Manner
It is widely held that the multitude of synapses on an in-
dividual neuron exist to increase the computational
power of that cell and that single synapses can be inde-
pendently strengthened or weakened based upon input
activity. However, other investigations have shown that
kinase activation is widespread throughout a cell; thus
neural activity might activate signaling cascades that
are not synapse specific (Ouyang et al., 1997; Zhao
et al., 2005). In studies in which viral overexpression of
GluR1 has been used to examine the trafficking of these
receptors, altered rectification was not found at all syn-
apses onto a cell, but it could not be predicted which
synapses would show trafficking of AMPARs and which
ones would be unaffected (Rumpel et al., 2005). Use
of the SWE protocol provides a conceptually simple
Figure 3. Sensory Experience Induces Rectification of L4/L2/3
EPSCs in the Spared Barrel Column
(A) Mean I-V relationships for a subset of Ctl (n = 3, pyramids) and
Spd cells (n = 3, filled circles) from which a complete I-V curve was
collected. (B) Superimposed mean traces (10 to 20 per holding po-
tential) at 270, 240, 220, 0, +20, and +40 mV for representative
Ctl, Dep, and Spd cells during stimulation in the presence of D,L-
APV (50 mM). (C) Mean rectification indices (ratio of current at +40/
240 mV) for all conditions (Ctl, 0.62 6 0.04; Dep, 0.58 6 0.03; Spd,
0.39 6 0.01; p > 0.1 for Ctl versus Dep; p < 0.001 for Spd versus
Ctl; p < 0.005 for Spd versus Dep). (D) Scatter plot of rectification in-
dices from cells in (C). Scale bars in (A), Ctl: 30 pA 3 20 ms, Dep:
10 pA 3 20 ms, Spd: 10 pA 3 20 ms.substrate to examine the activity-dependent, pathway-
specific modification of synaptic strength.
Sensory-deprived areas surround the spared barrel
column and during SWE are likely to be less active. In
layer 2/3, horizontal inputs from these deprived areas
can project across barrel boundaries. This anatomy
provides an elegant substrate in which to test the input
specificity of synaptic modification: if changes in
AMPAR properties are a input specific and activity de-
pendent, they should be present at the spared layer
4-layer 2/3 synapse but not at deprived layer 2/3 inputs
within the same cell (Figure 5A). Deprivation did not
change AMPA:NMDA ratio, quantal AMPAR-EPSC am-
plitude, or rectification of AMPAR-EPSCs at layer 2/3-
layer 2/3 (Dep/Spd; Figures 5B–5D). In addition, hori-
zontal AMPAR responses showed equal sensitivity to
Jst (inhibition of EPSC amplitude at 240 mV, Ctl/Ctl:
5.56% 6 0.68% [n = 3], Dep/Spd: 3.54% 6 4.51%
[n = 3]; p > 0.1), and quantal AMPAR-EPSCs exhibited
no difference in rate of decay (tau decay, Ctl/Ctl:
5.10 6 0.29 ms [n = 7], Dep/Spd: 4.65 6 0.28 ms
Figure 4. A Proportion of Newly Added AMPARs at L4/L2/3 Syn-
apses Do Not Contain GluR2
(A and B) Time course of effect of Joro spider toxin (Jst; 10220 mM,
bath applied) on AMPAR-EPSC amplitude during L4 stimulation
(0.1 Hz) in control (A) and spared columns (B). Series resistance
(Rs) was monitored continuously online. Trace insets are the mean
of ten responses before and 4 min after application of Jst. (C) Super-
imposed mean AMPA-EPSCs at +40 and 240 mV for Ctl and Spd
cells, prior to and following application of Jst. Note the selective re-
duction in amplitude at240 mV in the Spd cell. (D) Inhibitory effect of
Jst expressed as mean percent reduction of EPSC amplitude at
240 mV in each experimental group (Ctl, 3.04% 6 2.03%; Dep,
1.77% 6 1.99%; Spd, 39.45% 6 6.60%; p < 0.005 for Spd versus
Ctl or Dep). (E) Rectification indices were increased following Jst ap-
plication only in Spd cells (Ctl, 0.566 0.03 before versus 0.546 0.03
after Jst, p < 0.1; Dep, 0.59 6 0.02 before versus 0.63 6 0.02 after
Jst, p < 0.1; Spd, 0.42 6 0.02 before versus 0.64 6 0.07 after Jst,
p < 0.01; Student’s paired t test). Before Jst, gray bars; after Jst,
black bars. Scale bar in (A) and (B), 20 pA 3 20 ms; in (C), 10 pA 3
20 ms.
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within the spared barrel showed a decreased rectifica-
tion index (Figures 5G–5H). A within-cell comparison
showed that changes in AMPAR properties were input
specific, occurring only at the vertical layer 4-layer 2/3
pathway in the spared barrel column. Thus, the changes
in AMPAR properties observed at layer 4-layer 2/3 syn-
apses do not occur at all synapses across a given cell.
We conclude that modification of AMPAR properties is
synapse specific and activity dependent, occurring
Figure 5. Sensory-Experience-Induced Change in Rectification Is
Restricted to Active Inputs
(A) Configuration of stimulating and recording electrodes used to si-
multaneously isolate monosynaptic EPSCs arising from separate
pathways onto a single L2/3 pyramidal cell. (B–D) Properties of re-
sponses evoked by L2/3 stimulation in control versus spared col-
umns were not significantly different. (B) Mean AMPA:NMDA ratio
(Ctl/Ctl, 0.98 6 0.10; Dep/Spd, 1.09 6 0.06; p > 0.1). (C) Quantal
AMPAR-EPSC (mEPSC) amplitude in Sr2+ (Ctl/Ctl, 8.89 6 0.32 pA;
Dep/Spd, 8.61 6 0.17 pA; p > 0.1). (D) AMPAR-EPSC rectification
indices (Ctl/Ctl, 0.62 6 0.03; Dep/Spd, 0.62 6 0.06; p > 0.1). (E
and G) L4 and L2/3 EPSCs in the presence of NMDAR antagonists
for a single representative Ctl and Spd cell, respectively. Mean
EPSCs for holding potentials of 240, +10, and +40 mV. (F and H)
Within-cell comparison of L4 and L2/3 rectification indices (+40/
240) for Ctl and Spd, respectively. Note the selective enhancement
of rectification at L4 inputs in Spd cells (mean RI for Ctl, 0.60 6 0.03
for L4 versus 0.62 6 0.03 for L2/3, p > 0.1; Spd, 0.39 6 0.02 for L4
versus 0.62 6 0.06 for L2/3, p < 0.01; Student’s paired t test). Scale
bar in (E), 20 pA 3 40 ms; in (G), 10 pA 3 40 ms.within the spared sensory representation and not in syn-
apses that represent silenced, sensory deprived inputs.
Discussion
Using expression of a fluorescently tagged transcription
factor, Fos, we have been able to analyze the electro-
physiological properties of neurons within a discrete
cortical area that have been activated by in vivo experi-
ence. Here we show that SWE leads to a subtle but
highly significant change in AMPAR properties in the
cortical representation of the spared whisker. We find
that the amplitude of AMPAR-mediated quantal re-
sponses in the spared barrel column is increased after
SWE and that this is accompanied by a shift to faster de-
cay kinetics of these EPSCs. Based upon the increased
rectification of AMPARs plus an acquired sensitivity to
an antagonist specific for GluR2-lacking AMPARs, we
conclude that sensory-evoked activity from the spared
whisker induces the trafficking of GluR2-lacking recep-
tors into layer 4-layer 2/3 synapses in the spared whisker
barrel column. These results suggest that the detailed
mechanisms of synaptic strengthening previously es-
tablished using in vitro systems or genetically modified
receptors in vivo are actually employed by the normal
CNS to encode experience-dependent changes in neu-
ral function.
Rectification as an Assay for Synaptic Change
An obvious conclusion from a large body of work dem-
onstrating activity-dependent trafficking of GluR1-con-
taining AMPARs is that synaptic potentiation may lead
to a change in the rectification properties of AMPAR-
mediated EPSCs. The data presented here demonstrate
that synaptic potentiation is concurrent with an increase
in rectification. Because rectification is abolished in the
presence of any GluR2 within the tetrameric receptor
complex, these results are most consistent with the hy-
pothesis that GluR2-lacking receptors are added to
layer 4-layer 2/3 synapses in an activity-dependent
manner.
Two lines of evidence support the conclusion that
SWE changes the subunit composition of AMPARs in
the active layer 4-layer 2/3 pathway. First, the decay ki-
netics of AMPAR EPSCs from GluR1 homomers are
faster than those that contain GluR2 (Oh and Derkach,
2005), and AMPAR EPSCs from the spared barrel col-
umn show significantly faster decay kinetics than con-
trol. Second, the increase in Jst sensitivity is indicative
of the presence of GluR2-lacking receptors. Although
the increased quantal amplitude in Sr2+-evoked events
could in theory be wholly attributed to phosphorylation
and increased conductance of existing GluR2-lacking
receptors, these changes are thought to enhance con-
ductance by less than 50% (Derkach et al., 1999). Since
the change in Jst sensitivity was w10-fold, increased
conductance of existing receptors by phosphorylation
is insufficient to completely account for the effects we
observed.
The existence of GluR1 homomers in the CNS has
been demonstrated by a number of studies (Ogoshi
and Weiss, 2003; Stellwagen et al., 2005; Thiagarajan
et al., 2005). Indeed, it has been estimated that w10%
of GluR1 exists in homomeric form (Wenthold et al.,
Neuron
6681996). Based on these studies and the sum of our re-
sults, it is likely that newly added AMPARs are GluR1
homomers.
Ca2+-Permeable AMPARs and Metaplasticity
The presence of Ca2+-permeable AMPARs at layer
4-layer 2/3 synapses may alter the rules of plasticity at re-
cently modified synapses. For example, as an alternate
source of activity-dependent Ca2+ entry, they may facil-
itate NMDAR-independent forms of potentiation or de-
pression. The presence of rapidly deactivating AMPARs
at synapses can allow neurons to follow high-frequency
stimulation more easily (Joshi et al., 2004). This may alter
the response properties of layer 2/3 pyramidal neurons
and their capacity to undergo spike-dependent forms
of plasticity. Furthermore, addition of GluR1 homomers
may confer an increased dynamic range to EPSC ampli-
tudes because of phosphorylation-enhanced conduc-
tance. The longevity of newly trafficked AMPARs at layer
4-layer 2/3 synapses in the spared barrel column is an
important factor in assessing the significance of their al-
tered response properties to the ability of the postsynap-
tic neuron to undergo further changes.
Potentiation of Layer 4-Layer 2/3 Synapses
Our data are consistent with the possibility that in vivo
experience enhances synaptic transmission by an
LTP-like mechanism. Like LTP, SWE induces the activ-
ity-dependent potentiation of AMPAR-mediated excit-
atory transmission by the pathway-specific trafficking
of AMPARs. Induction of LTP at layer 4-layer 2/3 synap-
ses is highly protocol dependent and noisy, such that
a significant number of cells do not exhibit LTP even un-
der control conditions (data not shown). We believe that
analysis of AMPAR response properties is a more robust
indicator of synaptic modification in vivo than subse-
quent occlusion of LTP induced in vitro. AMPAR proper-
ties are largely insensitive to stimulation protocol (LTP is
sensitive to intensity and pattern of afferent stimulation
that can differ according to the experimenter), timing
of effect (LTP may take tens of minutes to hours to be
realized in the cortex), and other confounding effects
that occur in brain slice preparations (LTP is the result
of a long sequence of partially redundant events that
may or may not be fully saturated by in vitro stimulation).
What can these results say about pathway-specific
plasticity within the same dendritic compartment? Layer
2/3 pyramidal neurons are an excellent cell type in which
to evaluate this question, since the majority of layer
4-layer 2/3 synapses (w80%) as well as the majority of
layer 2/3-layer 2/3 synapses (w90%) are made upon
the basal dendrites of layer 2/3 pyramidal cells and are
both distributed among second-, third-, and fourth-
order dendrites (Feldmeyer et al., 2002). Thus, an intrigu-
ing possibility is that strengthened synapses may be
interspersed with unaltered synapses along the same
dendritic branch. If that is the case, this work provides
evidence that signaling cascades underlying synaptic
potentiation in vivo may be restricted to a small dendritic
compartment, possibly at the level of a single spine.
Conclusion
Previous efforts to observe the molecular mechanisms
of use-dependent changes in cortical synaptic functionin the unmodified CNS have been impaired by the diffi-
culty of identifying the precise set of cells and synapses
where plasticity has occurred. A fundamental advance in
this report is the use of fosGFP transgenic mice to iden-
tify a discrete cortical pathway for electrophysiological
analysis of synaptic properties. The ability of neurons
to undergo experience-dependent plasticity in the barrel
cortex has been well-characterized, and our data can be
directly related to results from in vivo single-unit record-
ing. The results presented here provide the best evi-
dence to date that the rules that govern synaptic
strengthening by AMPAR trafficking elucidated in vitro
or in genetically modified systems are actually employed
in the normal function of the CNS. Further characteriza-
tion of activated neural circuits will be helpful to deter-
mine the molecular sequence of events that underlie
learning and memory in the intact brain.
Experimental Procedures
fosGFP Transgenic Mice and Single Whisker Experience
fosGFP heterozygous mice (bred to C57bl6) were used at P13–P15.
Whisker deprivation was performed as previously described (Barth
et al., 2004). Animals were then returned to their home cages for
24 hr before electrophysiology. Control animals were cage-reared
littermates with intact whiskers.
Electrophysiology
P13–P15 fosGFP mice were anesthetized with isoflurane and decap-
itated. Coronal brain slices (350 mm) were cut in 2ºC–6ºC artificial ce-
rebrospinal fluid (ACSF) composed of (in mM) 119 NaCl, 2.5 KCl, 2
MgSO4, 2 CaCl2, 1 NaH2PO4, 26.2 NaHCO3, 11 glucose, 0.57 ascor-
bate, and 2 myoinositol, and equilibrated with 95/5% O2/CO2. Slices
were maintained and recordings were performed at room tempera-
ture (21ºC–24ºC) in standard ACSF. Somata of L2/3 pyramidal neu-
rons in the primary medial barrel subfield of somatosensory cortex
were targeted for whole-cell recording with borosilicate electrodes
with a resistance of 6–8 MU. The spared D1 barrel was identified
on the basis of enhanced fosGFP expression as described (Barth
et al., 2004). Deprived barrel column cells were usually selected
from the area adjacent to the spared barrel column. Cells were sam-
pled blind to expression of fosGFP; in most cases (w90%), neurons
showed no nuclear fluorescence indicative of transgene activation.
Because measurements from these fosGFP+ cells were not signifi-
cantly different from fosGFP2 neurons, values from these groups
were pooled. Electrode internal solution was composed of (in mM)
130 cesium gluconate, 10 HEPES, 0.5 EGTA, 8 NaCl, 4 Mg-ATP,
and 0.4 Na-GTP, at pH 7.25–7.3, 290 mOsm. For analysis, cells
needed to have an Rs < 40 MU and Rin > 200 MU, where neither mea-
surement changed by more than 20% during an experiment. Glass
monopolar stimulating electrodes had a tip diameter ofw50 mm. Pu-
tative monosynaptic responses had a mean latency of 3–4 ms. Ex-
cept when determining AMPAR:NMDAR ratios, all experiments
were carried out in the presence of 50 mM D,L-APV (Sigma-Aldrich).
Analysis of short-term synaptic depression (paired-pulse delivery,
interpulse interval 50 ms) was used to show that two-pathway stim-
ulation engaged nonoverlapping synaptic release sites. In all exper-
iments, picrotoxin (50–100 mM; Sigma-Aldrich) was bath applied to
isolate EPSCs. EPSC reversal at 0–10 mV indicated no GABAergic
contribution. Data were acquired using Multiclamp 700A (Axon In-
struments, Foster City, CA) and a National Instruments acquisition
interface, filtered at 3 KHz, digitized at 10 KHz, and collected using
custom software designed for Igor Pro (Wavemetrics, Lake Oswego,
OR). Joro spider toxin (Jst; final concentration 10–20 mM; Sigma-
Aldrich) was applied directly to the slice chamber during recording
to reduce nonspecific binding of the toxin to tubing and glassware.
In two-pathway experiments, layer 2/3 stimulation was in the center-
to-far side of the adjacent, deprived barrel to eliminate activation of
spared within-column afferents.
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669Data Analysis
AMPA:NMDA ratios were calculated as the ratio of peak current at
270 mV to the current at 50 ms after stimulus onset at +40 mV (10
to 30 traces averaged for each holding potential), at which point
AMPA-mediated current had decayed completely in our measure-
ments of EPSCs in D,L-APV. Rectification index was calculated as
the ratio of AMPAR-mediated current at 240 mV to +40 mV (10 to
30 traces averaged at each holding potential). Liquid junction poten-
tial was uncompensated, and EPSC reversal was consistently
between +5 to +15 mV. Asynchronous quantal EPSCs (evoked
mEPSCs) were detected and analyzed using MiniAnalysis (Synapto-
soft Inc.). The detection threshold for mEPSCs was set at 5 pA
(23 RMS noise). Events up to 500 ms following the stimulus artifact,
and excluding the synchronous release event, were analyzed. For
Sr2+ experiments, data were filtered post hoc at 1 kHz. To measure
mEPSC decay, scaled mean mEPSC traces from individual cells
were fit with a single exponential between 20%–80% of current de-
cay. Significance for all comparisons between groups was calcu-
lated using Student’s t test (two experimental groups) or a one-
way ANOVA with a Bonferroni post hoc comparison (more than
two groups).
Supplemental Data
Supplemental data including a figure showing NMDAR kinetic mea-
surements (Figure S1) and Ca2+-evoked EPSC trace overlays and
kinetic measurements (Figure S2) can be found online at http://
www.neuron.org/cgi/content/full/49/5/663/DC1/.
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